Introduction
There is an extensive family of metal clusters incorporating a pseudo-octahedral E 2 M 4 core, where E is a main group element from Groups 14-16 and M is a transition metal, usually Co, Fe or Ru although others can be involved. (CO) 8 ] though a more systematic synthesis from MeSiH 3 was subsequently developed).
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Interest in clusters with the E 2 M 4 core stems partly from their catalytic activity, 11 and also from their electronic properties since both 7-and 8-SEP (SEP = skeletal electron pairs) versions are known, with the latter more common despite the expectation for 7-SEP for a closo-E 2 M 4 core. 2 This has been analysed theoretically, 12 and electrochemically for [Fe 4 (µ 4 -PPh) 2 (CO) x ] (x = 11 or 12) and corresponding cobalt clusters.
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In this present paper we report the synthesis and structures of some new silicon examples of type 2, including oligomeric clusters linked through the apical groups.
Experimental
All reactions were carried out in re-distilled solvents under nitrogen, using standard Schlenk techniques. [Co 4 (CO) 12 ] was prepared using a literature procedure. 15 
(C2Ј). ESI-MS: m/z 1430 (M)
ϩ . This compound was also identified by an X-ray crystal structure determination (see below). The crystal structures were solved and refined using the SHELX programs. 10 we now report that PhSiH 3 reacts with [Co 4 (CO) 12 ] to give reasonable yields of [Co 4 (µ 4 -SiPh) 2 (CO) 11 ] (2c). The reactions were carried out in either hexane or toluene solvent maintained at temperatures between 45-55 ЊC for periods of at least two days and up to two weeks. Reactions in hexane gave higher yields but required longer times. Although the reactions could be carried out in normal Schlenk apparatus, we found it more convenient to use sealed evacuated ampoules.
Results and discussion
Spectroscopic characterisation of [Co 4 (µ 4 -SiPh) 2 (CO) 11 ] 2c was straightforward, with an infrared spectrum matching that of the germanium analogue.
8 Under FAB conditions, the mass spectrum showed a weak parent ion and others from CO-loss. Under electrospray ionisation mass spectral (ESI-MS) conditions a parent ion at m/z 754 corresponding to an (M) ϩ ion generated by oxidation at the electrospray probe tip could sometimes be observed, but this was not always reproducible. We have shown that ESI-MS is a useful technique for analysing anionic clusters directly, 21 and neutral clusters with appropriate chemical ionisation, 19 since intact parent ions with little fragmentation are the norm under the gentle conditions possible. However, the use of Na(OMe) reagent for ionisation 19 did not lead to sensible results in the case of [Co 4 (µ 4 -SiPh) 2 (CO) 11 ]. In order to facilitate the monitoring of the chemistry of the clusters by ESI-MS we extended the idea of introducing protonatable groups into the molecule so that (M ϩ H) ϩ ions could be readily formed, an approach that has been successful with derivatised Љelectrospray-friendlyЉ ligands such as (p-Me 2 NC 6 H 4 ) 3 P. 22 To this end, we explored both p-NMe 2 and p-OMe substituted phenyl silanes as substrates for cluster formation.
Following the method for the unsubstituted analogues, the symmetrical [Co 4 (µ 4 -SiC 6 H 4 X) 2 (CO) 11 ] (2d,e) as well as the unsymmetrical [Co 4 (µ 4 -SiC 6 H 4 X)(µ 4 -SiPh)(CO) 11 ] (2f,g) (X = OMe, NMe 2 ) clusters were readily prepared. The clusters with NMe 2 groups behaved as expected and gave strong (M ϩ H) ϩ ions under ESI-MS conditions, but surprisingly those with the less basic OMe groups did not give the corresponding signals. Unfortunately, although the NMe 2 was the functional group of choice to facilitate ESI-MS studies, the Si 2 Co 4 clusters were significantly lower-yielding, with more side-products than for the other silanes used.
The cluster with µ 4 -Si(CH 2 ) 3 OMe capping groups, (2h), was also prepared by the same method, but this was less readily handled than the aryl examples, and did not give (M ϩ H) ϩ signals in the ESI-MS, so it was not developed further.
All of the Si 2 Co 4 clusters formed are electron-rich 8-SEP examples, showing no tendency to eliminate CO and adopt 7-SEP forms. In this they parallel Ge 2 Co 4 clusters and contrast with P 2 Fe 4 analogues.
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Linked clusters
There is interest in linking metal carbonyl clusters together to give dimers and (potentially) higher oligomers because of the unusual electronic and other properties the materials might have. 
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We envisaged that the use of di-functional silanes would possibly lead to linked clusters, where the linking atoms were part of the cluster core. This proved to be the case. When a mixture of PhSiH 3 (as capping group), p-(H 3 Si) 2 C 6 H 4 (as linking moiety), and [Co 4 (CO) 12 ] was heated in toluene, the linked cluster 3a could be isolated in up to 28% yields, together with the monomeric cluster 2c. The dimer 3a showed a CO-region infrared spectrum essentially the same as that of the monomer and an NMR spectrum consistent with the proposed structure. The ESI-MS gave a clear signal at m/z 1430 corresponding to the (M) ϩ ion of the dimer, and full characterisation was by an X-ray crystal structure determination, discussed below.
The corresponding dimers 3b and 3c with substituted terminal aryl groups were similarly obtained from p-XC 6 H 4 SiH 3 , p-(H 3 Si) 2 C 6 H 4 and [Co 4 (CO) 12 ].
Another linking reagent, H 3 Si(CH 2 ) 8 SiH 3 , was also explored and the dimers 4a and 4b were isolated and tentatively characterised, but yields were never more than 5%.
Other than the coupled C 2 Co 3 Cp 3 example mentioned above, 25 clusters 3 and 4 are the first examples of clusters linked in such a way that the organic backbone is incorporated into the oligomer chain of the cluster itself. Other carbonyl examples link clusters using a di-functional Lewis base which becomes part of the ligand sphere of the clusters, 24 ostensibly a more labile arrangement.
Potentially, higher oligomers should be possible by varying the ratio of capping to linking silanes, but we were not able to demonstrate other than dimers from any of the reactions.
Structural determinations
The structures of the monomer 2c and the dimer 3a were determined for comparison. They are illustrated in Figs. 1 and 2 .
The monomer 2c has the expected quadrilateral plane of four cobalt atoms, quadruply bridged on each side by SiPh groups. The eleven CO groups are distributed so that there are two terminal COs on each cobalt atom, there is one fully bridging CO across the Co(1)-Co(2) edge, while the remaining two COs are semi-bridging the Co(1)-Co(4) and Co(2)-Co(3) edges. This arrangement affects the Co-Co distances so that Co(1)-Co(2) < Co(1)-Co(4) ≅ Co(2)-Co(3) < Co(3)-Co(4). Despite the inequivalence of the cobalt atoms, the Si-Co distances are all similar (average 2.314 Å), marginally longer than the corresponding bonds in the Co 4 (µ 4 -SiMe) 2 (CO) 11 cluster (2.309 Å).
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The formally non-bonded Si ؒ ؒ ؒ Si distance of 2.705(2) Å is remarkably short, and only marginally longer than the Si-Si bond of 2.686 Å in Si 2 (Bu t ) 6 .
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The structure of the dimer 3a is shown in Fig. 2 . Despite the potential symmetry of the molecule, it crystallised in the noncentrosymmetric space group P2 1 . However, the molecules do have approximate inversion symmetry. As expected, there are two cluster units, each with a capping (µ 4 -SiPh) group, linked together by a Si-C 6 H 4 -Si moiety. This generates a long molecule, over 23 Å from end-to-end.
The two Si 2 Co 4 cores in 3a are each similar to the same unit in the monomeric compound 2c, with no statistically significant differences in corresponding Si-Co or Co-Co bond lengths. The only differences are in a slightly longer Si ؒ ؒ ؒ Si distance [2.729(3) Å average], and a less symmetrical arrangement of the bridging and semi-bridging CO ligands around the equatorial plane. Within the bridging unit the Si-C and C-C distances are all normal, showing no indication of any delocalised bonding between the two halves. The three phenyl rings are coplanar to within ±6Њ, but this is presumably due to steric interactions between the rings and the terminal CO ligands on the clusters, rather than to any electronic requirements.
Electrochemistry of [Co 4 ( 4 -SiR) 2 (CO) 11 ] clusters
Cyclic and square wave voltammetry was performed on [Co 4 -(µ 4 -SiC 6 H 4 R) 2 (CO) 11 ] (R = H, OMe, NMe 2 ) clusters 2c-f in CH 2 Cl 2 with potentials referenced against decamethylferrocene. Primary voltammetric profiles were remarkably similar for all clusters. In each case there was a one-electron oxidation process at ∼0.95 V, A and a non-Nernstian reduction wave at ∼Ϫ1.2V, B with a current relative to A greater than one-electron (the relative current varies with scan rate). The chemical reversibility of A was dependent on scan rate, temperature, the condition of the electrode and the cluster; i c /i c = 1 at 200 mV s Ϫ1 for 2e and 0.3 for 2c. A cathodic scan subsequent to A produced a new reduction wave C at ∼Ϫ0.4 V the current of which was linked to the reversibility of A. The reduction step B was irreversible at all scan rates and a shape consistent with two or more steps with E pc close to Ϫ1.2 V.
OTTLE spectra were used to assist in the identification of the decomposition and ECE products. Electrochemical oxidation generated new bands at 2063, 2055 and 2035 cm Ϫ1 attributed to the decomposition product [Co 4 (CO) 12 ], which is also responsible for the reduction wave C and bands due to [Co(CO) 4 ] Ϫ ; on the timescale of the OTTLE experiment we were unable to identify the ν(CO) bands due to 2e ϩ . IR analysis during the reduction of 2e at Ϫ1.2 V displayed (Fig. 3) The formation of this radical anion accounts for the observed signals, especially the 1751 cm Ϫ1 absorbance attributed to µ-CO in an anionic cluster (a similar pattern was reported for the radical anion of [Fe 4 (µ 4 -PPh) 2 (CO) 11 ]). 13 These OTTLE and voltammetric data for the reduction process are consistent with a fast structural conversion to a µ species which is oxidized at a potential close to Ϫ1.2 V (Scheme 1).
The dimeric cluster 3a was also examined under the same conditions. Electrochemical responses were essentially the same as for the monomer, indicating that the two cluster units were acting independently, and that there was no electronic communication across the linking Si-C 6 H 4 -Si group. This contrasts with the linked C 2 Co 3 Cp 3 examples where electronic interaction via the linking alkyne chain was significant. 
